Anatomy and physiology of peripheral auditory system and commen causes of hearing loss  by Qing, Zhang & Mao-li, Duan
Journal of Otology 2009 Vol. 4 No. 1
Anatomy and physiology of peripheral auditory
system and commen causes of hearing loss
ZHANG Qing1, DUAN Mao-li1-4
1 Department of Otorhinolarygology, The 2nd Affiliated Hospital of Xi’an Jiaotong University,
School of Medicine, Xi’an Jiaotong University, Xi’an, P.R.China
2 Department of clinical neuroscience, 3, Department of Otolaryngology,
Karolinska Hospital, 171 76 Stockholm, Sweden
4 Department of Otolaryngology, Affiliated Hospital of Anhui Medical University, China
Review
Abstract For Otolaryngologist, it is the most important to know the principle of anatomy, physiology and common oto⁃
toxicity. Short but more concise summary has been sum up in the following review in order to help young ENT doctor
to understand the importance of this basic knowledge.
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Introduction
The hearing system is very important for communica⁃
tion, and it plays a crucial role in the early development
of speech and language. Hearing loss is a very common
disorder where nearly 10% of the population is affected.
This review mainly focuses on finding a means of pre⁃
venting against aminoglycoside-induced and noise-in⁃
duced hearing disorders.
General anatomy
The mammalian auditory system can be divided into
the outer, middle, and inner ear together with the audito⁃
ry nerve and the central auditory pathways. The outer
ear consists of the pinna and the ear canal. The middle
ear is an air-filled cavity composed of the tympanic
membrane, and the ossicles with the associated muscles,
tendons, and ligaments, as well as the Eustachian tube.
The three ossicles include the malleus, incus and sta⁃
pes. The tensor tympani is attached to the malleus and
is innervated by the trigeminal cranial nerve. The stape⁃
dius muscle is attached to the stapes, and is innervated
by the facial cranial nerve. The inner ear is deeply em⁃
bedded in the temporal bone and includes the vestibular
and auditory organs. The auditory organ is encapsulated
by bone and is called the cochlea. The cochlea is divid⁃
ed into the scala tympani, scala vestibuli, and scala me⁃
dia. Scalae tympani and vestibuli contain perilymph,
which is similar in composition as to extracellular fluid.
The scala media is filled with endolymph, which is simi⁃
lar in composition to intracellular fluid. The scala media
contains the organ of Corti and consists of one row of in⁃
ner hair cells and three rows of outer hair cells as well
as supporting cells. There are about 3,500 inner hair
cells and 12,000 outer hair cells in the human cochlea.
Every hair cell has stereocilia at the apical pole of the
cell. The stereocilia are stiffrod-like structures that are
embedded in the cuticular plate. It has been shown that
the stereocilia of the outer hair cells are in direct con⁃
tact with the tectorial membrane, while the stereocilia of
the inner hair cells are not directly connected to this
membrane.
On the lateral wall of the scala media is the stria vas⁃
cularis and the spiral ligament. The stria vascularis con⁃
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tains a rich supply of capillaries and is involved in con⁃
centrating K' in the endolymph. The stria vascularis con⁃
sists of three distinct cell layers. However, only the mar⁃
ginal cells face the endolymph and are rich in both mito⁃
chondria and the enzyme, Na+K+ ATPase.
The efferent innervation to the outer hair cells con⁃
sists of large neurons derived from the contralateral me⁃
dial superior olive which directly contact the outer hair
cells. The efferent innervation of the inner hair cell is
from the ipsilateral lateral superior olive. It consists of
small fibers which synapse on the afferent dendrite and
not on the inner hair cell. The density of efferent fibers
is greater for the outer hair cells than for the inner hair
cells and the basal portion of the cochlea is more heavily
innervated compared to the more apical regions.
General Auditory Physiology
The auditory system is one of the mechanically most
sensitive organs of the human body since it can detect vi⁃
brations as small as the diameter of a hydrogen atom,
and respond a thousand times faster than the visual pho⁃
toreceptors. The energy of sound is largely lost when
sound is transferred from the middle ear（air cavity）to
the inner ear（fluid filled cavity）. However, there are two
compensatory features of the middle ear that result in a
minimal loss of energy entering the cochlea. The first is
an impedance-matching transfer action due to the size
difference between the tympanic membrane and the oval
window. The second is the multiplicative lever action of
the ossicles (the malleus, incus, and stapes). These two
factors make it possible for sound to be effectively trans⁃
mitted from air to the fluid-filled cochlea with a mini⁃
mal loss of energy.
Nobel Laureate, George von Bdcesy was the first to
study the mechanics of the cochlea by using cochleae
from human cadavers［1］. Through his systematic studies
he developed the concept of the travelling wave. From
his pioneering studies it is known that the maximum
movement of the basilar membrane is dependent on the
frequency of the stimulus. Low frequency tones cause
maximal displacement at the apical end of the basilar
membrane while high frequency tones produce maximal
displacement towards the basal end of the cochlea. The
movement of the basilar membrane causes a shearing
motion between the stereocilia and the tectorial mem⁃
brane. The resulting deflection of the stereocilia alters
the opening probability of mechanically sensitive ion
channels. Stereocilia displacement in one direction
makes cation-selective channels near the tips of the ste⁃
reocilia open, and allows ions to flow into the hair cell
and produces depolarisation. This in ture opens volt⁃
age-gated Ca2 + channels in the hair cell soma, and
causes release of neurotransmitter. Deflection in the oth⁃
er direction decreases the open probability of the ion
channel and leads to hyperpolarisation［2］.
Afferent neurotransmitter in the cochlea
It is known that glutamate is a major excitatory neu⁃
rotransmitter in the central nervous system. Glutamate is
also believed to be the most promising candidate for the
inner hair cell neurotransmitter, although structurally re⁃
lated amino acids cannot be ruled out. The results from
a variety of immunocytochemical, electrophysiological
and in situ hybridization studies have supported the idea
that glutamate is the primary neurotransmitter substance
at the level of the inner hair cell. Immunocytochemical
data have demonstrated a much higher amount of gluta⁃
mate-like immunoreactivity in the inner hair cells
compared to surrounding structures［3, 4］.
Early electrophysiological studies showed that L-glu⁃
tamate reduced the amplitude of the compound action
potential（CAP） whereas the cochlear microphonics
（CM）remained unchanged［5, 6］. Single afferent neuron
firing rates were shown to increase when glutamate and
aspartate was infused into scala tympani［7］. Kainate, an
Fig.1 Schematic drawing showing section through cochlea
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analog of glutamate, was shown to reduce both the ampli⁃
tude of action potential and the excitation of auditory sin⁃
gle units without affecting CM. In addition, Ehrenberger
and Felix［8］ demonstrated that afferent neuron firing
rates were increased when glutamate, or related agonists
were applied by microiontophoretic techniques in the
synaptic region under the inner hair cells.
An increase in single neuron activity was found after
the simultaneous application of NMDA and glycine sug⁃
gesting the NMDA receptor is dependent on glycine. On
the other hand, afferent neuron activity is decreased
when the NMDA receptor antagonist, AP-7 and the
non-NMDA receptor antagonist, glutamic acid diethyles⁃
ter（GDEE）are infused in the hair cell synaptic region
［8］. More evidence to support that glutamate is the inner
hair cell neurotransmitter include sound evoked gluta⁃
mate release, and glutamate-related uptake mechanisms
being present at the level of the hair cell. Using immuno⁃
cytochemical techniques Altschuler et al.［4］ showed a
selective immunoreactive staining for glutamate in the
inner hair cells as well as spiral ganglion cells. Kuriya⁃
ma et al.［9, 10］ found the presence of NMDA and AMPA
receptors at the postsynaptic membrane opposing the in⁃
ner hair cells.
Furthermore, three types of ionotropic glutamate re⁃
ceptors have been found in the post-synapse of the in⁃
ner hair cell using immunocytochemistry and in situ hy⁃
bridization: AMPA, kainate, and NMDA［11］.
Schuknecht et al.［12］were the first to demonstrate the
presence of acetylcholine at the efferent nerve ending.
In contrast to intact cochlea, they found that de-efferent⁃
ed cochlea did not stam positive for acetylcholinester⁃
ase. Since this early study, there have been numerous re⁃
ports indicating that acetylcholine is the main neu⁃
rotransmitter substance of the medial olivary cochlear
system. Acetylcholine and its associated enzymes neces⁃
sary for its synthesis are localized to the large vesiculat⁃
ed nerve endings at the base of the outer hair cell［13, 14］.
When the medial olivary complex bundle was stim⁃
ulated, acetylcholine increased in the cochlea ［15］.
Mountain［16］ demonstrated that the amplitude of distor⁃
tion product otoacoustic emissions（DPOAEs）was re⁃
duced by electrically stimulating the floor of the IVth
ventricle. Kujawa et al.［17］ found that the amplitude of
DPOAEs was decreased when the acetylcholine was ap⁃
plied directly in the cochlea, and this could be provent⁃
ed by curare and strychnine, inhibitors of acetylcholine.
Robertson and Johnstone［18］demonstrated that single fi⁃
bre activity was reduced when ACh was introduced into
the scala tympani, whereas spontaneous activity was not
influenced.
There are two major ACh receptors on the outer hair
cell. Muscarinic receptors are excited preferentially by
muscarine and blocked by atropine which usually medi⁃
ates depolarization and facilitation of afferent firing. Nic⁃
otinic recceptors on the other hand are excited by nico⁃
tine and blocked by strychnine which often mediates hy⁃
perpolarization and suppression of afferent firing. The
presence of mRNA for the muscarinic receptor subtypes
Ml, M3, M5（not M2 and M4）were found in mouse co⁃
chlea by Drescher et al.［19］ it was shown that muscarinic
agonists induced the increased formation of IP3 in rat
and guinea pig cochlea. Wackym ［20］ demonstrated four
Fig.2 Schematic drawing showing the process from sound
stimulation to auditory nerve impulses. The inner hair cell re⁃
leases the neurotransmitter glutamate, and binds to post-synap⁃
tic receptors, giving rise to an increase in calcium and in⁃
creased auditory nerve activity.
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types of nicotinic subunit mRNA in efferent synaptic re⁃
gions by in sita hybridization which are a2, a3, a4, and
132. In addition, Housley et al.［21］ detected a5 and 134
subunits of the nicotinic receptor in rat cochlea. Furth⁃
more, Elgoyhen et al.［22］demonstrated that a9, a member
on the nAchR gene family is present in the outer hair
cells of the rat cochlea, and they proposed that a9 was
responsible for the signal transduction at the synapse be⁃
tween the efferent and hair cells.
In addition to acetylcholine there are other substances
that either acts as neurotransmitters or as neuromodula⁃
tors at the base of the outer hair cells. These substances
include GABA（gamma aminobutyric acid）, CGRP（cal⁃
citonin gene-related peptide）, dynorphins, and dopa⁃
mine［3］.
The physiological role of inner and outer hair cells
The inner and outer hair cells differ in their basic
anatomy and innervation pattern. The innervation of the
organ of Corti was investigated by Spoendlin［23-25］ and
Liberman［26］who clearly demonstrated that 90-95% af⁃
ferent terminate on IHCs without any branching, while
only 5-10% afferent terminate on the OHC. In addition,
20 afferent neurons innervate one IHC, while one affer⁃
ent neuron innervates 20 OHC. These studies have clear⁃
ly shown that the innervation of the two types of hair
cells is different and consequently there is a physiologi⁃
cal difference. In general, the inner hair cell plays an im⁃
portant role in direct afferent transmission of acoustic
signals while the outer hair cells play a modulatory role.
Since inner hair cells are innervated by more than 90%
of the afferent nerve fibers, they dominate the transfer of
auditory information to the central nervous system.
While outer hair cells receive about 5-10% of afferent
innervation, the physiological significance of this outer
hair cell innervation is not known since these fibers do
not appear to respond to sound stimulation［27］. A second
important difference between inner and outer hair cells
is the presence of contractile proteins and the arrange⁃
ment of the endoplasmic reticulum. It is known that the
OHCs contain contractile proteins in the cell body（ac⁃
tin, myosin, tubulin）[28－31]. This specific structure is be⁃
lieved to relate to the contraction and elongation of the
outer hair cell. Brownell［32, 33］discovered that the outer
hair cell is capable of mechanical deformations at acous⁃
tic frequencies when it is electrically stimulated. Since
then many investigations have identified that the outer
hair cells can alter their size in response to appropriate
mechanical or electrical stimuli［34－36］.
The third difference between the inner and outer hair
cells concerns the stereocilia. At the basal end of the
guinea pig cochlea it is estimated that there are 50 to 70
stereocilia per inner hair cell which are arranged in lin⁃
ear pattern, whereas the outer hair cells have about 150
stereocilia arranged in a V and/or W-shape depending
on their location. In addition, the stereocilia of the OHC
protrude into tectorial membrane, while the stereocilia
of the IHC are not directly attached to the tectorial mem⁃
brane. This difference in connection to tectorial mem⁃
brane between the IHC and OHC perhaps explains why
the OHC are sensitive to displacement of the basilar
membrane while the IHC are more sensitive to the veloc⁃
ity of the basilar membrane movement.
Noise trauma
Noise-induced damage to the organ of Corti was first
investigated more than one century ago by light micro⁃
scopic observation［37］. Davis et al.［38］performed system⁃
atic studies of the effects of noise on guinea pigs and
demonstrated that noise could induce the degeneration
of outer hair cells when exposed to sound levels of
65-106 dB above the human threshold for 10-75 days
at 0.6, 0.8 or 2.5 kHz. They also demonstrated that the
outer hair cell was more susceptible to damage when ex⁃
posed to high frequency noise than to low frequencies.
In addition, they pointed out that a minimum sound pres⁃
sure level of 95 dB was required to induce damage. Eng⁃
ström et al［39］ introduced the surface-specimen tech⁃
nique which allowed the entire organ of Corti to be inves⁃
tigated and the loss of sensory cells could be quantified.
Noise-induced threshold skifts can be divided into
four goups: 1）Temporary threshold shift（TTS）is a tem⁃
porary change of auditory threshold; 2） Asymptotic
threshold shift（AST）is the auditory threshold shift dur⁃
ing a long-term exposure（hours to days）that reaches
asymptotically a stable level. It does not contain a per⁃
manent component and returns completely to pre-expo⁃
sure values after the cessation of the exposure; 3）Com⁃
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pound threshold shift（CTS） is an auditory threshold
shift with a temporary and a permanent component, and
the threshold does not return to normal; 4）Permanent
threshold shift（PTS）is a stable level of threshold shift
observed after the temporary component has vanished.
This stabilization occurs within a few hours to several
weeks depending on the nature of the noise exposure.
In general, noise trauma can induce damage to the ste⁃
reocilia, hair cell soma, or afferent dendrites. Usually
the outer hair cells are more sensitive than the inner
hair cells to noise trauma. It is believed that the stereo⁃
cilia are the most sensitive structure in the cochlea dur⁃
ing noise exposure. Destruction or swelling of dendrites
of the primary auditory neurons to noise trauma under
the inner hair cells but not the outer hair cells has been
demonstrated［25, 27］.
The mechanism underlying noise trauma is not
known. However, it is widely accepted that two main
mechanism may be involved in noise-induced hearing
loss. One is a direct mechanical process, while the other
is indirect via metabolic disturbances. Saunders et al.［40］
stated that mechanical process have a rapid onset,
whereas the metabolic process have a gradual onset. The
mechanical damage mostly occurs at very high level
noise trauma which depends on the frequency and inten⁃
sity of noise. On the other hand, the metabolic damage
may be the result of enzyme alteration and ions concen⁃
tration change inside the cell after noise exposure.
Aminoglycoside otoxicity
Aminoglycoside antibiotics（kanamycin, gentamycin,
neomycin etc.）have been widely used in the treatment
of infectious diseases for more than 50 years. However,
ototoxicity, the degeneration of hair cells and spiral gan⁃
glion neurons, is a potential adverse effect of aminogly⁃
coside usage which can result in permanent hearing
loss. Ward et al［41］ found that kanamycin induced a ma⁃
jor loss of outer hair cells but not of inner hair cells. In
addition, the morphological changes were correlated
with changes in the CM and AP. Hawkins and Engström
［39］made a more detailed investigation using a new tech⁃
nique, the surface preparations of the organ of Cord.
They found that kanamycin caused a disturbance of the
orderly W-pattern of the stereocilia of the outer hair
cells in the basal tum. Subsequently the outer hair cell
body was damaged and finally the inner hair cell was af⁃
fected. Ouchi and Ohtani［42］found that the degree of out⁃
er hair cell damage by kanamycin was correlated to the
reduction of the CM amplitude. Uziel et al.［43］ found that
the relationship between the onset of the auditory func⁃
tion and the ototoxicity of kanamycin on cochlear poten⁃
tial mostly occurred in the last 15 days of gestation. Mar⁃
ot et al. ［44］ demonstrated that the developing rat was
more sensitive to kanamycin ototoxicity after the 8th
postnatal day than at earlier times. Amikacin, one of the
second generation of aminoglycosides, was investigated
by Wersäll［45］who found that amikacin, like other ami⁃
noglycosides, first induced outer hair cell damage, and
later inner hair cell damage and finally degeneration of
the spiral ganglion neurons. This finding was investigat⁃
ed further by Puel et al ［46］. They found that the CAP
turning was not changed at low dose of the amikacin.
However, the turning curve of the CAP was altered as
the does increased, and there was a strong correlation
between the electrophysiological changes and the mor⁃
phological alterations. Thus all studies to date suggest
that first the outer hair cells is preferentially and irre⁃
versibly destroyed by aminoglycosides and second after
prolonged treatment the inner hair cells and finally the
spiral ganglion neurons are damaged. Kotecha and Rich⁃
ardson ［47］ investigated the ototoxicity of a number of
aminoglycosides on outer hair cells in cochlear cultures
using scanning and transmission electron microscopy
（SEM and TEM）and found that ototoxicity order was:
neomycin>gentamicin>dihydrostreptomycin>amikacin.
The molecular mechanism of aminoglycoside ototoxicity
on the outer hair cells has been proposed by Williams et
al［48］ to be: 1）reversible binding of the aminoglycoside
in competition with calcium to the plasm membrane, 2）
energy-dependent uptake of the drug（similar to poly⁃
amine transport）. However, recent studies by Basile et
al［49］demonstrate that aminoglycoside induced ototoxici⁃
ty is mediated by the polyamine site of the NMDA recep⁃
tor.
Salicylates otoxicity
Falbe-Hansen ［50］ demonstrated that sodium salicy⁃
late produced a reversible hearing loss in a dose-depen⁃
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dent manner in both humans and experimental animals.
The hearing loss usually recovered to normal values dur⁃
ing 72 hours. Stypulkowski［51］made a detailed investiga⁃
tion of salicylates on cochlear function. He demonstrat⁃
ed that salicylates altered the amplitude of the com⁃
pound action potential, cochlear microphonic, summat⁃
ing potential, and otoacoustic emissions. However, the
suppression of the compound action potential（CAP）oc⁃
curred at low, but not high intensities of stimulation sug⁃
gesting that salicylate affects the outer hair cells ［51－ 53］.
Thus the reason for the decrease in the amplitude at low
stimulation is a change in the mechanics of the organ of
Corti via an OHC mediated process. Stypulkowski［51］de⁃
scribed it as follows: 1）a length alteration of the outer
hair cells, which changes their coupling to the inner hair
cells via the tectorial membrane and decreases the
shearing force on the inner hair cell stereocilia, 2）an al⁃
teration in the damping, or stiffness, of the organ of Corti
due to an elongation or contraction of the outer hair cell,
3）an alteration in the outer hair cell electromechanical
properties, causing the amplification of the basilar mem⁃
brane movement to decrease. In contrast, when the stim⁃
ulation is of high level all of the indirect roles are in⁃
stead by stimulating the IHC. Kujawa et al.［17］ demon⁃
strated that the cochlear microphonic distortion products
were decreased when salicylates were introduced in the
cochlea. Shehata et al［54］ found that exposure of isolated
outer hair cells in vitro to sodium salicylate revealed a
dose dependent, and reversible loss of turgidity and di⁃
munition of electromotility. Dieler et al.［55］ demonstrated
that salicylates induced dilatation of subsurface cister⁃
nae, and vesiculation below the plasma membrane. In
addition, these structural changes were reversible and
had the same time course of motility change. Boettcher
et al［56］ demonstrated that the application of sodium sa⁃
licylate for 5 to 15 days induced a threshold elevation
up to 30 dB. However, the recovery from forward mask⁃
ing was not significantly different from control values.
The curve of masked threshold as a function of delay
time showed either a parallel upward shift or little
change.
References
1 Von Bekesy G. Experiments in Hearing. Edi. By Vever, E.G.
1960.
2 Flock Å. Electron microscopic and electrophysiological stud⁃
ies on the lateral line canal organ. Acta Otolaryngol. 1965; Suppl,
199: 1-90.
3 Eybalin M. Neurotransmitters and neuromodulators of the
mammalian cochlea. Physiol. Rev. 1993; 73: 309-373.
4 Altschuler RA. et al. lmmunocytochemical localization of glu⁃
tamate immunoreactivity in the guinea pig cochlea. Hear Res,
1989; 42:167-174.
5 Klinke R, Oertel W. Amino Acids-Putative Afferent Trans⁃
mitter in the Cochlea? Exp Brain Res, 1977; 30:145-148.
6 Bobbin RP, Thompson MH. Effects of putative transmitters on
afferent cochlear transmissions. Ann. Otol. Rhinol. Laryngol.
1978; 87: 185-190.
7 Comis SD, Leng G. Action of putative neurotransmitters in the
guinea pigs cochlea. Exp. Brain Res 1979; 36:119-128.
8 Ehrenberger K, Felix D. Glutamate receptors in afferent cochle⁃
ar neurotransmission in guinea pigs. Hear. Res. 1991; 52: 73-80.
9 Kuriyama H. et al. Expression of NMDA-receptor mRNA in
the rat cochlea. Hear. Res. 1993; 69: 215-220.
10 Kuriyama H. et al. Immunocytochemical localization of AM⁃
PA selective glutamate receptor subunits in the rat cochlea. Hear.
Res. 1994; 80: 233-240.
11 Niedzielski AS, Wenthold RJ. Expression of AMPA, Kainate,
and NMDA receptor subunits in cochlear and vestibular ganglia.
The Journal of neuroscience 1995; 15: 2338-2353.
12 Schuknecht H, Churchill J, Dorean R. The localization of ace⁃
tylcholinesterase in the cochlea. Arch. Otolaryngol. 1959; 69:
549-559.
13 Jasser S, Guth PS. The synthesis of acetylcholine by the oli⁃
vo-cochlear bundle. J. Neurochem 1973; 20: 45-53.
14 Altschuler RA, Kachar B, Rubio JA, Parakkal MH, Fex J. Im⁃
munocytochemical localization of choline acetyltransferase-like
immunoreactivity in the guinea pig cochlea. Brain Res, 1985; 338:
1-11.
15 Nords CH, Guth PS. The release of acetylcholine (Ach) by
the crossed olivocochlear bundle(COCB). Acta Otolaryngol
(Stockh) 1974; 77: 318-326.
16 Mountain DC. Changes in endolymphatic potential and
crossed olivocochlear bundle stimulation alter cochlear mechan⁃
ics. Science 1980; 210: 71-72.
17 Kujawa SG, Glattke TJ, Fallon M, Bobbin RP. Intracochlear
application of acetylcholine alters sound-induced mechanical
events within the cochlear partition. Hear. Res. 1992; 61:
106-116.
18 Robertson D, Johnstone BM. Efferent transmitter substance
in the mammalian cochlea: Single neuron support for acetylcho⁃
··12
Journal of Otology 2009 Vol. 4 No. 1
line. Hear. Res. 1978; 1: 31-34.
19 Drescher DG, Upadhyay S, Wilcox W, Fex J. Analysis of mus⁃
carinic receptor subtypes in the mouse cochlea by means of the
polymerase chain reaction. J. Neurochem 1992; 59: 765-767.
20 Wackym, PA. In situ hybridization for the localization of
gene products in the auditory system. Otolaryngol. Clin. N. Am.
1992; 25: 1053-1064.
21 Housley GD, Batcher S, K raft M, Ryan A. Nicotinic acetyl⁃
choline receptor subunits expressed in rat cochlea detected by the
polymerase chain reaction. Hear. Res. 1994; 75: 47-53.
22 Elgoyhen AB, Johnson DS, Boulter J, Vetter DE, Heinemann
S. Alpha 9: an acetylcholine receptor with novel pharmacological
properties expressed in rat cochlear hair cells. Cell 1994; 79:
705-715.
23 Spoendlin H. The organization of the cochlear receptor. Adv.
Otorhinolaryngol 1966; 13: 1-231.
24 Spoendlin H. Innervation of the organ of Corti of the cat. Acta
Otol 1969; 67: 239-254.
25 Spoendlin H. Primary structural changes in the organ of Corti
after acoustical overstimulation. Acta Otolaryngol（Stockh）1971;
71: 166-176.
26 Liberman MC. Single-neuron labelling in the cat auditory
nerve. Science 1982; 216: 1239-1241.
27 Robertson D. Functional significance of dendritic swelling af⁃
ter loud sounds in the guinea pig cochlea. Hear. Res. 1983; 9:
263-278.
28 Flock Å. Contractile proteins in hair cells. Hear. Res. 1980;
2:411-412.
29 Flock Å Bretscher A, and Weber K. Immunohistochemical lo⁃
calization of several cytoskeletal proteins in inner ear sensory and
support cells. Hear. Res. 1982; 7: 75-89.
30 Flock Å, Flock B, Ulfendahl M. Mechanisms of movement in
outer hair cells and a possible structural basis. Arch. Otoryhinolar⁃
yngol. 1986; 243: 83-90.
31 Slepecky NB, Ulfendahl M, Flock A. Effects of caffeine and
tetracaine on outer hair cell shortening suggest intracellular calci⁃
um involvement. Hear. Res. 1988; 32: 1132.
32 Brownell WE. Observation on a motile response in isolated
hair cells. In: Mechanisms of Hearing, edited by W.R. Webster
and L.M. Aiken. Melboune: Monash University Press, 1983, 5-10.
33 Brownell WE, Bader CR, Bertrand D, de Ribaupiene Y.
Evoked mechanical responses of isolated cochlear hair cells. Sci⁃
ence 1985; 227: 194-196.
34 Ashmore JF. A fast motile response in guinea-pig outer hair
cells: the cellular basis of the cochlear amplifier. J. Physiol. 1987;
388: 323-347.
35 Dallos P, Evens BN, Hallworth R. Nature of the motor ele⁃
ment in electrokinetic shape changes of cochlear outer hair cells.
Nature 1991; 350:155-157.
36 Santos-Sacchi J. On the frequency limit and phase of outer
hair cell motility: effects of the membrane filter. J. Neurosci. 1992;
12: 1906-1916.
37 Haberman J. Ober die schwerh?rigkeit des kessel schmiede.
Arch klin exp ohren nasen kehlkopfheilkd 1890; 30: 1.
38 Davis H, derbyshire AJ, Kemp EH, Lurie MH, Upton M. Ex⁃
perimental stimulation deafness. Science 1935a; 81: 101-102.
39 Engsträm H, Ades HW, Andersson A. Structural pattern of
the organ of Corti. A systematic mapping of sensory cells and neu⁃
roal elements. Stockholm: Almqvist & Wiksell. 1966. 1-172.
40 Saunder JC, Deer SP, Schneider ME. The anatomical conse⁃
quences of acoustic injury: review and tutorial. J Acoust. Soc. Am.
1985; 78: 833-860.
41 Ward P, Fernander C. The ototoxicity of kanamycin in guinea
pigs. Ann. Otol. Rhinol. Laryngol. 1961; 70: 132-143.
42 Ouchi J, Ohtani I. Studies on the ototoxicity of kanamycin:
the correlation between electrophysiological findings and histo⁃
pathological changes. Pract. Oto-rhinolaryng. 1969; 31:218-233.
43 Uziel A, Gabrion J, Romand R. Hair cell degeneration in
guinea pigs intoxicated with kanamycin during intrauterine life; a
structural and ultrastructural study.Arch Otorhinolaryngol. 1979;
224: 187-191.
44 Marot M, Uziel A, Romand R. Ototoxicity of kanamycin in de⁃
veloping rats: relationship with the onset of the auditory function.
Hear Res. 1980; 2: 111-113.
45 Wersall J. the ototoxic potential of netilmicin compared with
amikacin. An animal study in guinea pigs. Scandinavian Journal
of Infectious Diseases - Supplementum 1980; Suppl 23: 104-113.
46 Puel JL, Lenoir M, Alain U. Dose-dependent changes in the
rat cochlea following aminoglycoside intoxication. I. Physiological
study. Hear. Res. 1987; 26: 191-197.
47 Kotecha B, Richardson GP. Ototoxicity in vitro: effects of neo⁃
mycin, gentamycin, dihydrostreptomycin, amikacin, spectinomy⁃
cin, neamice, sermine and polyL-lysine. Hear. Res. 1994; 73:
178-183.
48 Williams SE, Zenner HP, Schacht J. Three molecular steps of
aminoglycoside ototoxicity demonstrated in outer hair cells. Hear.
Res. 1987; 30: 11-18.
49 Basile AS, Huang J-M, Xie C, Webster D, Berlin C, Skol⁃
nick, P. N-Methyl-D-aspartate antagonist limit aminoglycoside
antibiotic-induced hearing loss. Nature Medicine 1996; 2:
1338-1343.
50 Falbe-Hansen J. Clinical and experimental histological stud⁃
ies on effects of salicylate and quinine on the ear. Acta Otolaryngo⁃
logica 1941; 44: 1-216.
··13
Journal of Otology 2009 Vol. 4 No. 1
51 Stypulkowski PH. Mechanisms of salicylate ototoxicity. Hear.
Res. 1990. 46: 113-146.
52 Puel JL, Bledsoe SC, Bobbin RP, Caesar G, Fallon M. Com⁃
parative actions of salicylate on the amphibian lateral line and
guinea pig cochlea. Comp. Biochem. Physiol. 1989; 93:73-80.
53 Puel JL, Bobbin RP, Fallon M. Salicylate, mefenamate, me⁃
clofenamate, and quinine on cochlear potentials. Oto-laryngol.
Head Neck Surg. 1990; 102: 66-73.
54 Shehata WE, Brownell WE, Dieler R. Effects of salicylate on
shape, electromotility and membrane characteristics of isolated
outer hair cells from guinea pig cochlea. Acta Otolaryngol
（Stockh）1991; 11: 707-718.
55 Dieler R, Shehata-Dieler WE, Brownell WE. Concomitant sa⁃
licylate-induced alterations of outer hair cell subsurface cisternae
and electromotility. Journal of Neurocytology 1991; 20: 637-653.
56 Boettcher FA, Bancroft BR, Salvi RJ, Henderson D. Effects of
sodium salicylate on evoked-response measures of hearing. Hear.
Res. 1989; 42: 129-141.
（Received May 21, 2009）
··14
